The c-myb protooncogene encodes a highly conserved transcription factor that functions as both an activator and a repressor of transcription. The v-myb oncogenes of E26 leukemia virus and avian myeloblastosis virus encode proteins that are truncated at both the amino and the carboxyl terminus, deleting portions of the c-Myb DNAbinding and negative regulatory domains. This has led to speculation that the deleted regions contain important regulatory sequences. We previously reported that the 42-kDa mitogen-activated protein kinase (p42maPk) phosphorylates chicken and murine c-Myb at multiple sites in the negative regulatory domain in vitro, suggesting that phosphorylation might provide a mechanism to regulate c-Myb function. We now report that three tryptic phosphopeptides derived from in vitro phosphorylated c-Myb comigrate with three tryptic phosphopeptides derived from metabolically labeled c-Myb immunoprecipitated from murine erythroleukemia cells. At least two of these peptides are phosphorylated on serine-528. Replacement of serine-528 with alanine results in a 2-to 7-fold increase in the ability of c-Myb to transactivate a Mybresponsive promoter/reporter gene construct. These findings suggest that phosphorylation serves to regulate c-Myb activity and that loss of this phosphorylation site from the v-Myb proteins may contribute to their transforming potential.
The c-myb protooncogene encodes a highly conserved 75-to 89-kDa transcription factor which is expressed primarily in immature cells and cell lines of each hematopoietic lineage, where it plays an important role in proliferation and differentiation (reviewed in ref. 1) . The c-Myb protein contains three functional domains: an amino-terminal DNA-binding domain, a centrally located acidic transcription activation domain, and a carboxyl-terminal negative regulatory domain (1) . Two acute transforming retroviruses, avian myeloblastosis virus (AMV) and the E26 avian leukemia virus, have independently transduced portions of the c-myb gene (2, 3) . Both v-Myb proteins are truncated at their amino and carboxyl termini, and the loss of these sequences is thought to be responsible for their transforming activity (4, 5) . Sequential deletion from the carboxyl terminus of c-Myb results in increased DNA-binding, transcription-activating, and transforming activities (6) (7) (8) (9) . These findings suggest that important regulatory sequences are located at both the amino and the carboxyl terminus of c-Myb. However, it is not understood how carboxyl-terminal sequences regulate c-Myb activity.
Both v-and c-Myb are phosphorylated on serine and threonine but not tyrosine (10, 11) . Luscher et al. (10) have reported that c-Myb is a substrate for casein kinase II in vitro at serine-11 and -12 and that these serines are targets for kinase activity in cultured cells. Phosphorylation of these residues inhibits c-Myb sequence-specific DNA binding. These authors
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also have reported that c-Myb is hyperphosphorylated during mitosis in an avian lymphoma cell line at sites other than serine-1 1 and -12, suggesting that changes in the state of c-Myb phosphorylation may alter c-Myb transcription activating activity during the cell cycle (12) . However, a relationship between the state of c-Myb phosphorylation and its transcription activating activity was not demonstrated. We have identified serine-528, which is located near the murine c-Myb negative regulatory domain, as a phosphorylation site in cultured cells. Replacement of serine-528 with alanine results in a 2-to 7-fold increase in the ability of c-Myb to transactivate a synthetic promoter containing five copies of the mim-1A Myb-responsive element (MRE). Thus, a phosphorylation site near the negative regulatory domain modulates c-Myb transcription-activating properties, suggesting that changes in the state of phosphorylation may serve to regulate c-Myb function.
MATERIALS AND METHODS
Cell Culture, Metabolic Labeling, and Preparation ofWhole Cell Extracts. The C19.396 cell line is a stable transfectant of the C19 murine erythroleukemia (MEL) cell line carrying a murine c-myb transgene driven by the inducible mouse metallothionein I promoter (13) . C19.396 MEL cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM glutamine, 50 ,uM 2-mercaptoethanol, and G418 at 200 ,ug/ml, in 5% CO2 atmosphere. To induce expression of the c-myb transgene, ZnC12 was added (50 ,M) 6 EGTA/150 mM NaCl/20 mM NaF/50 mM f-glycerophosphate/100 mM microcystin/1 mM Na3VO4/1 mM phenylmethylsulfonyl fluoride with leupeptin at 10 jig/ml, aprotinin at 0.1 unit/ml, and a2-macroglobulin at 0.01 unit/ml], sonicated, clarified by centrifugation, and precleared with protein A-Sepharose (Pharmacia). Purification of Glutathione S-Transferase (GST) Fusion Proteins and Production of Antibodies. Plasmid pGSTNR, which contains cDNA encoding murine c-Myb aa 326-636 (including the negative regulatory domain) cloned into pGEX3X, and plasmid pGSTDB, which encodes the murine c-Myb DNA-binding domain, have been described (14) . A point mutant of pGSTNR encoding a serine-to-alanine substitution at murine c-Myb serine-528 (S528A) was created with the Altered Sites II in vitro mutagenesis system (Promega). Expression and purification of GST fusion proteins have been described (14, 15) . Antiserum against GSTDB prepared in New Zealand White rabbits and partially purified on protein G-Sepharose is referred to as WK serum.
Immunoprecipitation and SDS/PAGE. 32P-labeled c-Myb was immunoprecipitated from whole cell extracts with WK serum for 1 In Vitro Phosphorylation of GST Fusion Proteins and Tryptic Peptide Mapping. GSTNR and the S528A mutant were phosphorylated in vitro by 42-kDa mitogen-activated protein kinase (p42maPk) purified from EL-4 cells and were fractionated by SDS/PAGE as described (14) . For tryptic phosphopeptide mapping, immunoprecipitated c-Myb or labeled GST-Myb fusion proteins were excised from the gels and tryptic phosphopeptide mapping was carried out as described (14) except that isobutyric acid was used in the thin-layer chromatography buffer (16) .
Peptide Sequencing. Approximately 24 ,ug of GSTNR was phosphorylated in vitro by p42maPk, fractionated by SDS/ PAGE, and transferred to nitrocellulose. 32P-labeled GSTNR protein was excised and active sites on the nitrocellulose were blocked by treatment with 500 ,ul of 0.5% (wt/vol) polyvinylpyrrolidone/0.6% (vol/vol) acetic acid for 30 min at 37°C. The nitrocellulose was washed with water, suspended in 50 mM NH4HCO3 buffer, and digested with 1.2 ,ug of sequencinggrade trypsin (Promega) for 12 hr at 37°C. The supernatant was collected, concentrated, and fractionated by HPLC on an Applied Biosystems OD-300 C18 column (particle size, 7 ,um; 2.1 mm x 30 mm). Peptides were eluted with a 40-min, 0-60% gradient of solvent B (solvent A, 0.1% trifluoroacetic acid; solvent B, 0.085% trifluoroacetic acid/60% acetonitrile) at a flow rate of 200 ,lI/min. Fractions were collected at 1-min intervals, and those containing labeled phosphopeptides were identified by Cerenkov counting. Aliquots (1/20th) of fractions containing the highest radioactivity (cpm) were individually loaded onto a 75-,um-i. Transient Transfection and Luciferase Assays. Expression vectors encoding wild-type or S528A c-Myb were cotransfected with a promoter/reporter plasmid containing a minimal herpes simplex virus thymidine kinase promoter and five copies of the mim-lA MRE upstream of the firefly luciferase gene (p5XMRE-A-luc, gift of B. Luscher, Medizinische Hochshule, Hannover, Germany) into CV-1 cells. CV-1 cells were transfected in triplicate by the calcium phosphate method (17) and harvested 48 hr after transfection. Cell extracts were normalized for protein content by a Coomassie blue G-250-based protein assay (Bio-Rad). Luciferase assays were performed with a commercial kit (Promega) and quantified in a RackBeta scintillation counter (LKB).
RESULTS
Phosphorylation of c-Myb in MEL Cells. Although the negative regulatory domain represses the DNA-binding, transcription activating, and transforming properties of c-Myb, the mechanism by which these effects are mediated is not understood (1). We have reported (14) that p42maPk phosphorylates c-Myb in vitro on several tryptic peptides in the negative regulatory domain which are absent from the v-Myb proteins (Fig. 1) . To determine whether the phosphorylation sites identified in a cell-free system were phosphorylated in cultured cells ("in vivo"), c-Myb immunoprecipitated from logarithmically growing 32P-labeled C19.396 MEL cells was fractionated by SDS/PAGE and subjected to tryptic phosphopeptide mapping alone and in combination with the carboxyl-terminal portion of c-Myb (GSTNR) which had been phosphorylated in vitro by p42maPk (Fig. 2a) . Five major tryptic phosphopeptides can be detected when GSTNR is phosphorylated in vitro with p42maPk (ref. 14 and Fig. 2a, in vitro panel) . The same pattern of tryptic phosphopeptides is observed with a GST fusion protein comprising full-length c-Myb (14) . 32P-labeled c-Myb immunoprecipitated from C19.396 cells contained at least five tryptic phosphopeptides (Fig. 2a, in vivo panel) . When a mixture of in vitro phosphorylated GSTNR and metabolically labeled c-Myb from C19.396 cells was analyzed by twodimensional tryptic phosphopeptide mapping, three tryptic phosphopeptides (labeled A-C in Fig. 2a ) derived from in vitro phosphorylated GSTNR comigrated with tryptic phosphopeptides derived from in vivo labeled c-Myb (Fig. 2a, mix panel) . Phosphopeptides A-C were also detected by tryptic phosphopeptide mapping with 32P-labeled c-Myb immunoprecipitated from both the parental C19 cell line and the murine pre-B-cell lymphoma cell line 70Z/3.12 (data not shown).
Tryptic phosphopeptides E and F were not detected on tryptic phosphopeptide maps from in vivo labeled c-Myb, indicating that they are not targets of phosphorylation in the cell lines examined. These findings demonstrate that c-Myb is phosphorylated in at least two hematopoietic cell lines at one or more sites which serve as targets for phosphorylation by p42maPk in vitro. Serine-528 of Murine c-Myb Is Phosphorylated in Vivo. We have reported (14) that phosphopeptides A-C are lost by deletion of aa 499-558 in chicken c-Myb and that these phosphopeptides are most likely the result of incomplete digestion by trypsin. This region contains a single conserved SP motif which is a potential site of phosphorylation by p42maPk and other proline-directed serine/threonine kinases (chicken serine-533, corresponding to murine serine-528). The tryptic phosphopeptide map generated from GSTNR-S528A lacked phosphopeptides A-C (Fig. 3) , which are normally present both on in vitro maps from wild-type GSTNR and on maps generated from in vivo phosphorylated c-Myb (Fig. 2) . Using both Edman degradation analysis (data not shown) and microcapillary HPLC-electrospray ionization tandem mass spectrometry, we identified serine-528 as the phosphorylated residue in peptides B and C (Fig. 4) . Since phosphopeptide B is QEVES528PTEK (Fig. 4 Upper) and phosphopeptide C is IKQEVES528PTEK (Fig. 4 Lower), we conclude that phosphopeptide C arises from incomplete digestion by trypsin.
Modulation of c-Myb Transcription-Transactivating Activity by Serine-528. As serine-528 is a target for phosphorylation in vivo and is located near the negative regulatory domain, we determined whether c-Myb transactivating activity is affected by this site. We compared the ability of wild-type and S528A c-Myb to transactivate a reporter construct containing five copies of the mim-1A MRE (5XMRE) ligated to a minimal herpes simplex virus thymidine kinase promoter. For expression in eukaryotic cells, cDNAs encoding wild-type c-Myb or the S528A mutant were cloned downstream of the Rous sarcoma virus long terminal repeat in pRSV (13) . Each transfection mixture contained 1.0 ,ug of reporter plasmid, 0.5-10 ,ug of the indicated expression vector, and sufficient empty vector to bring the total DNA to 11 ,ug. CV-1 cells were used for these experiments because they do not contain detectable endogenous c-Myb (data not shown). Both wildtype and S528A c-Myb transactivated the promoter/reporter construct (Fig. 5) . However, S528A c-Myb transactivated this reporter construct 2-to 7-fold more efficiently than wild-type c-Myb. This difference in transactivation efficiency was not due to differences in expression between wild-type and S528A c-Myb, as determined by immunoblotting (data not shown).
-GSTNR GSTNR-S528A To determine whether serine-528 can be phosphorylated in African green monkey kidney cells, pRSVMyb was modified to contain a simian virus 40 origin of replication and transiently transfected into CMT3COS cells. The CMT3COS cell line, a derivative of the CV-1 cell line, was used for high-level expression of transfected c-Myb (Fig. 2b; ref. 21 ). Tryptic phosphopeptides A-C detected in tryptic digests of in vitro phosphorylated c-Myb comigrated with three phosphopeptides derived from 32P-labeled c-Myb immunoprecipitated from CMT3COS cells (Fig. 2b) . Thus, serine-528 is a target for phosphorylation in vivo and negatively regulates the ability of c-Myb to transactivate the 5XMRE reporter construct in the CV-1 cell line. This suggests that phosphorylation of serine-528 negatively regulates c-Myb activity.
DISCUSSION
Several lines of evidence indicate that protein sequences at both the amino and the carboxyl terminus of c-Myb exert a negative influence on c-Myb activity. First, Myb proteins encoded by avian myeloblastosis virus and the E26 avian leukemia virus are truncated at both the amino and the carboxyl terminus with respect to c-Myb (1). Second, retrovirus-induced tumors in both the chicken and the murine system commonly harbor insertions that result in expression of Myb proteins truncated at the amino or carboxyl terminus (22-28) . Third, truncation of either the amino or the carboxyl terminus is sufficient to activate c-Myb transforming potential and, interestingly, differential truncation results in transformation of different cell types (9) . This suggests that modification of these regions might serve to regulate c-Myb activity. How these sequences exert their influence on c-Myb activity and how their function is regulated are not understood. We have demonstrated that murine c-Myb is phosphorylated in cultured cells at serine-528 and that substitution of alanine for serine-528 resulted in a 2-to 7-fold increase in transcriptiontransactivating activity. Thus, phosphorylation at serine-528 may provide a mechanism to negatively regulate c-Myb function. The effects of phosphorylation at serine-528 on c-Myb activity may prove to be promoter-dependent and phosphorylation may provide a mechanism to differentially regulate c-Myb activity.
Metabolically labeled c-Myb immunoprecipitated from C19.396 MEL cells and CMT3COS cells yielded distinct but overlapping sets of tryptic phosphopeptides, suggesting that c-Myb may contain common and lineage-specific phosphorylation sites. Differential phosphorylation may provide a mechanism to alter c-Myb activity in a lineage-specific fashion, in response to growth and differentiation factors. Indeed, Luscher and Eisenman (29) identified changes in the pattern of c-Myb phosphorylation detected on interphase and mitotic cells, suggesting that phosphorylation may alter c-Myb activity during the cell cycle.
The carboxyl-terminal region of c-Myb appears to contain at least two elements that are involved in regulating c-Myb activity. Sakura et al. (6) used a series of sequential carboxylterminal deletions to broadly define a region spanning murine c-Myb aa 326-500 that is referred to as the negative regulatory domain (see Fig. 1 
